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ABSTRACT
Topology is a central concept of mathematics, which allows us to distinguish two isolated rings with linked ones. In material
science, researchers discovered topologically different carbon allotropes in a form of a cage a tube, and a sheet, which have
unique translational and rotational symmetries, described by a crystallographic group theory, and the atoms are arranged
at specific rigid positions in 3-dimensional (D) space. However, topological orders must be robust against deformations, so
that we can make completely different families of topological materials. Here we propose various topological structures such
as knots and links using covalent σ bonds of carbon atoms, while allowing various topologically equivalent arrangements
using weak pi bonds. We found stable structures of topological molecules (0D) including Trefoil knots, a Mo¨bius strip, a
Whitehead-link, and Borromean rings. In particular, we think a Hopf-link is especially important as a fundamental building
block to construct Carbon-Nano-Chains (1D) and Chainmail (2D), which have topological-long-range-orders, tolerant against
changes in geometries and chiralities. By extending this idea, we invented a new 3D carbon allotrope, Hopfene, which has
periodic arrays of Hopf-links to knit horizontal Graphene sheets into vertical ones without connecting by σ bonds.
Introduction
Research areas on topology are spanning from pure mathematics1–4, physics5–9, to chemistry10–14. Mathematicians could even
classify the shape of our universe3 and proved the Poincare´ conjecture successfully4. In condensed-matter physics, vortex and
anti-vortex pairs in superconductors exhibit unusual topological phase transitions due to their binding and dissociations across
the transition temperature5, 6. More recently, a topological insulator was proposed theoretically8 and discovered experimentally9,
which showed insulating character in the bulk regardless of its conducting surface. In these materials, quantum states exhibit
inherent topological nature5, 6, 8 upon the appropriate choice of materials9. On the other hand, nontrivial topological structures
themselves were also chemically synthesised using polymers15–17, macromolecules10–13, and proteins14. These pioneering
works are well-established in soft materials10–17, and the scope of our present paper is to expand the concept to apply for hard
materials made by strong covalent bonds while keeping the flexibility.
Topological molecules (0D)
To start with, we considered many topological molecules (Methods, Figs. 1 and 2, Supplementary Videos 1 and 2). The most
direct applications of topological materials would be Nano-Electro-Mechanical-Systems (NEMS)18, towards developing a
molecular motor and associated advanced chemical technologies7, 10–14. Figure 1a shows an ultimate example of trapped 1
benzene molecule using a straight-chain alkane of 1D atomistic carbon atoms connected to a Graphene sheet (Supplementary
Video 1). It is technologically accessible to make such a molecular motor by combining patterning technologies of a free-
standing Graphene sheet by ion or electron beam irradiations and growth technologies such as Chemical-Vapour-Deposition19.
The combination is very important to construct a topologically complex structures, because we must close the bond (in this
case, the benzene ring) without affecting the other bonds (straight-chain). Obviously, larger molecules and wider chain will be
more suitable to construct a practical NEMS device.
In order to realise directional rotation of a molecular motor, it is important to control chirality of a molecule. The most
simplest nontrivial knot is the Trefoil knot, which has a chiral counter part (Fig. 1c). The left (right) Trefoil knot has always left
(right) spiral circulation as climbing up the strand (Supplementary Video 2). In other words, handedness is memorised in the
molecule, which will be useful for applications in molecular memories and polarisation rotators.
It is not possible to memorise the handedness solely by twisting a 1D carbon ring to the left or the right, since it merely
change the geometry without changing the topology (Fig. 1b). In order to memorise the handedness, we need to lock the
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status of the twisted ring, by inserting the other molecule into the ring and close the bond. Then, we can make left and right
topological molecules of Whitehead-links, whose handedness will be protected against the deformations of molecules as far as
the bonds are sustained.
The situation is slightly changed, if we employ a Graphene nano-ribbon20. Even if it consists of just several benzene rings,
the ring will define a 2D plane to confine the ribbon so that it is different from a pure 1D chain. As a result, the Möbius strip7, 21
can memorise the handedness whether the Graphene nano-ribbons were twisted to the left or the right before bonding without
using another Graphene nano-ribbon (Fig. 1d). Moreover, the number of twisted rotations is also a topologically protected
valuable as a winding number, which is also robust against the deformation. We also made even more complex structure such as
Borromean rings (Fig. 1e). To our surprise, the converged structure is rather beautiful with a proper symmetry upon exchanging
rings, which was energetically favourable rather than keeping random deformations.
Besides knots, the simplest nontrivial link is the Hopf-link1, 11, 13, 14 (Fig. 1h-1o and Extended Fig. 2 ). We found a benzene
ring can sustain its σ bonds, while allowing another benzene ring to penetrate without making a proper σ bond. The benzene
ring can move freely without changing the topology of the Hopf-link, which will be a huge advantage to make flexible devices.
However, the bond lengths of the benzene-based Hopf-link are significantly expanded, so that the high tensile strains of the
order of 20% are accumulated (Extended Fig. 2a ). Therefore, it is not possible to introduce 2 benzene rings into 1 ring (Fig. 2b
and Supplementary Video 2). This will certainly limit the use of the benzene-based Hopf-link towards the construction of the
1D chain.
However, if we use 2 connected benzene rings (Naphthalene, C10H8), we can overcome this problem, since the insertion of
just 1 benzene ring into the Naphthalene is enough for extending the length of the 1D Carbon-Nano-Chain (Fig. 2c and Fig.
3). We also considered to open-up one of the benzene ring of Naphthalene (Fig. 1 b), which corresponds to use a larger ring
(Cyclodecapentaene, C10H10) for the Hopf-link (Fig. 2d), whose bonds are significantly relaxed. In the larger ring, we could
introduce as many as 4 rings (Fig. 2e), so that we can also construct the 2D 4-in-1 Chainmail (Fig. 3c) in addition to a standard
Chain (Fig. 3b).
Topological Chains (1D) and Chainmail (2D)
The unique features of these Chains and Chainmail are their flexibility with the rigidity ensured by the σ bonds (Fig. 3 and
Supplementary Video 3). Our Chains can be aligned to be straight-lines or to be rolled-up without breaking the topological links
(Fig. 4). The lengths can be changed to be several times, while it will be difficult to change the lengths of Carbon-Nano-Tubes22
due to its strong rigidity. The σ bonds using SP2 orbitals are considered to be even stronger than SP3 bonds of diamond, so
that our chains will be much stronger than flexible polyacetylene23. It is interesting to consider a similarity of our proposed
Chain to a macroscopic metallic chain and chainmail, against the Fullerene24 to a football. We think that it would not be mere
coincidence that we came up to the same structure that the human race is already using for a long time. The idea behind the
football shape would be its high spherical symmetry. It is the compatibility of flexibility with its rigidity why people made a
chain, by introducing the Hopf-links1 even without being aware of mathematical rigidity. The argument would also be true in
the molecular level (Fig. 4).
We have simulated various configurations of Chains by changing the boundary conditions. For example, by introducing a
twisted boundary conditions between one end of the chain to the other for the 1D Hopf-linked Chain, we could introduce a
global kink as a form of a soliton, which is a topologically protected excitation (Fig. 4). Upon rotating twice, we found the
chain was broken due to the high tensile strains accumulated in the Chain (Fig. 4e).
The chain can memorise the global winding number and the chirality (the left or the right rotation) upon twisting the Chain
(Fig. 4). This situation is completely different from a 1D atomic chain like a polyacetylene (Fig. 4f), due to its rotational
symmetry. One might think that polyacetylene would be more tolerant against the rotational disturbance, but no restoration
force will work to prevent the rotation. On the other hand, the Hopf-linked chain can accumulate the global strain and the
restoration force will be generated to protect itself against the structural deformation. This would be related to the reason why
DNA with a double-stranded spiral structure was naturally selected due to its stronger tolerance in a competitive environment.
The geometrical coordinates of straight and rolled Carbon-Nano-Chains are apparently different, while both structures are
topologically equivalent. Therefore, we can regard these chains as possessing Topological-Long-Range-Order (TLRO) even
without having translational nor rotational symmetries. We can construct whole new varieties of materials with TLRO, as
topological materials, which will not be categorised as a conventional crystal nor a completely-randomised amorphous material.
Examples of Chains and Chainmail are clear examples of topological materials.
Topological Crystals (3D)
The concept of Topological-Long-Range-Order (TLRO) is also applicable to a 3D structure, and the idea of a topological
crystal15–17 would be as exciting as a time crystal25. We have conceived to the idea of a new 3D carbon allotrope by considering
nested structures with stacked Graphene sheets both vertically and horizontally, while the intersections of these sheets are made
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of Hopf-links (Figa. 5 and 6, Supplementary Figs. 1-5, and Supplementary Video 4). To our surprise, the optimised structures
have almost perfect translational symmetries, so that these will be realised as a conventional single crystal.
We propose to call this new structure, as Hopfene, named after a mathematician, Heinz Hopf, because of the importance of
Hopf-links1 for this crystal. Similar to Carbon-Nano-Tubes22, which has a family of allotropes depending on how to roll-up a
Graphene sheet, Hopfene also has a family depending on how to insert Graphene sheets (Methods, Supplementary Figs. 1-5,
and Supplementary Video 4). Graphene sheets were inserted perpendicular to the other stacks, and it was important to align the
directions of the zig-zag edges in parallel to match the periodicity of the Graphene lattice (Supplementary Fig. 2). Let’s assume
that we inserted the first sheet to the bottom available slot, labelled as slot 0 (Supplementary Fig. 2). If we insert next sheets
into the most adjacent available slot, slot 1, for both horizontal (x) and vertical (y) directions, the structure is called as (1,1)
Hopfene (Figs. 5a, 5d, and Supplementary Fig. 2). In this case, the adjacent stacks are half-lattice constant shifted (c/2) along
zig-zag edge (z) direction, so that the stack is called as AB-stack. On the other hand, if we insert Graphene sheets into slot 2,
while making the slot 1 empty, the structure is called as (2,2) Hopfene (Figs. 5b, 5e, and Supplementary Fig. 2). In this case,
the nearest adjacent sheets are aligned so that the stack is called as AA-stack. We considered more complicated insertions, such
as the insertion into slot 1 for x-direction, while the insertion along y-direction is from slot 2, whose structure is (1,2) Hopfene
(Figs. 5c, 5f, and Supplementary Fig. 3). In general, there exists (n,m) Hopfene, where n and m are integers to describe the
insertion of Graphene sheets, and if n and m are odd (even), the sheets are AB (AA) stack. If n= m, the Hopfene structure
is tetragonal with the lattice constants a= b 6= c, while it is orthogonal (a 6= b 6= c) for n 6= m. Therefore, we can recognise
rectangular holes if we see the structure from the bottom (Fig. 5). Therese holes would allow carrier doping by intercalation,
which may lead superconductivity similar to alkali-metal doped Fullerenes26. If n and m are large, the size of the hole will be
large, so that the Graphene sheets and the crystal itself can be deformed substantially, breaking the translational symmetry.
It is also expected that the actual experimental structures would be different due to the huge strains accumulated in rings, as
theoretically predicted in a highly-strained Graphene, which stabilised to be a dimerised Kekule´-like structure27. Even in that
case, TLRO would be kept as far as σ bonds survived to keep Hopf-links.
It is straightforward to extend this concept15–17 to make heterogeneous topological structures by introducing different
materials such as boron-nitride and molybdenum-disulfide. The unique aspect of this approach is a topological link to bind
various sheets strongly together without forming a proper chemical bond. This configuration is topologically different from the
simple stacking weakly bound together by van der Waals force28.
As the first step towards making Hopfene, we propose to make Hopf-linked bilayer-Graphene (Fig. 7 and Supplementary
Fig. 6). Unlike to the stacked bilayer-Graphene29–32, the Graphene sheets are linked only at the 1D chain, so that the impacts of
the coupling on the band structure would be limited. Reflecting the double layers, momentum space will also be double, leading
to the crossed layers even in momentum space (Fig. 7b). The valleys are degenerate at the same points, because the direction of
the zig-zag edge (z) is the same for both layers due to sharing of the 1D chain. As we increase the number of inserted Graphene
sheets, momentum space will be eventually filled by layers towards the complete 3D band structure. It is beyond the scope of
this paper to predict how the 2D Dirac Fermions8, 20, 27, 31, 33 are crossing over to the excitations in 3D Hopfene.
Conclusion
We have validated the concept of topological materials15–17 in materials with hard covalent bonds, which we believe, will be
discovered for the future. 1D Carbon-Nano-Chains, Hopf-linked bilayer-Graphene (2D), and 3D Hopfene have been proposed
as examples of new topological carbon allotropes, which will be useful to examine fundamental physics of massless Dirac
Fermions8, 20, 27, 31, 33 in topologically nontrivial geometries. We envisage various practical applications (Extended Fig. 12) of
these hard and flexible topological materials for DNA-sensing, functional materials, and NEMS.
Methods
We have used Chem3D, a molecular editor, for all our simulations34.
For the simulations of the rolled Chains (Figs. 3 and 4) and Chainmail (Fig. 3), we have gradually changed the initial
coordination of atoms. If we changed the initial condition significantly different from the previously converged geometries,
Hopf-links were completely broken and the structures were topologically changed. This will also happen in the real situation,
where the external force exceeded the threshold enough to break one of the σ bonds for the Hopf-links. Conversely, the proposed
Chains and Chainmail will be topologically robust as far as the σ bonds are maintained. Thus, we expect a topologically
flexible material, which would be as flexible as a rubber, while it is very stiff as hard as or even harder than a diamond due to its
SP2 nature of the rings.
Hopfene was made by preparing AA-stacked Graphene sheets, separated by the distance of the lattice constant of a
Graphene, which is the adjacent distance between the sides of the ring (Supplementary Figs. 4 and 5). Depending on the
targeted stacking, described by (n,m) where n and m are integers for the available slots along horizontal (x) and vertical (y)
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directions, the number of inserted Graphene sheets and separations were adjusted. We have prepared the Graphene sheets by
hands using the GUI (Graphical User Interface) of the software, so that the position and the distance were not perfect. This
uncertainty resulted in the formation of topological defects in the final structure (Supplementary Fig. 1), but we kept as it
is to highlight new types of defects without broken bonds. Then, we optimised the structure relying on the algorithm of the
software to minimise the energy. After the optimisation, for (1,1) Hopfene, AB-stack was automatically chosen for both x and y
directions by shifting the Graphene sheets with the amount of the half of the lattice constant along z direction, regardless of the
initial condition of AA-stack. Here, please note that AB-stack of Hopfene is different from AB-stack of Graphite. AB-stack
of Hopfene means the parallel-shift of the Graphene sheet along the zig-zag edge (Fig. 6), while AB-stack of Graphite is
the parallel-shift along the arm-chair edge, so that the directions are perpendicular to that of Hopfene. The process of the
convergence of the structure would be similar to the growth process in experiments for the future, so that we have recorded as a
video (Supplementary Video 4).
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b  
The topological information 
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1. Preparation of a freestanding Graphene sheet 
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1. Preparation of a Graphene nano-ribbon 
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The same Borromean rings, seen from different directions.  
c 
1. Preparation of a poly-acetylene strand 
2. Construct a link to form the simplest 
non-trivial knot. 
Left-Trefoil-knot Right-Trefoil-knot
Figure 1. Proposed procedure to make topological structures. a, Benzen-based molecular motor. A Graphene sheet is
prepared, and patterned to form an atomic wire using ion/electron beam or lithography. Then, a benzene or other organic
molecule is trapped in the patterned atomic wire. b, Whitehead-links. Left and right links will be created by twisting molecules
and locked by another atomic wires. c, Trefoil-knots. Left and right knots can be created depending on how to connect the
atomic wire. d, Möbius strip using a Graphene nano-ribbon. e, Borromean rings using Graphene nano-ribbons.
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Figure 2. Hopf-linked molecules. a, Benzen-based Hopf-linked molecule. The bonds penetrating into the other benzene ring
were highly-strained. The linked benzene rings are intersecting perpendicular to each other, and there are
energetically-equivalent 6 positions corresponding to the sides of each ring, so that the total 6×6 = 36 configurations are
allowed corresponding to its hexagonal structure. Wavefunctions for both HOMO and LUMO are spreading to the entire link,
suggesting the strong hybridisation of 2 rings. b, Break-down of benzen-based Hopf-linked molecule. A benzene ring can
accommodate only 1 benzene-ring. c, Naphthalen-based Hopf-linked molecule. A building block to construct a chain using a
benzene ring. In this case, we expect 5×5 = 25 configurations for each Hopf-linked molecule, depending on the relative angle
and the position of Naphthalene molecules. d, Cyclodecapentaene-based Hopf-linked molecule. The strains of bonds are
significantly relaxed. e, Accommodations of 2 and 4 rings into cyclodecapentaene-based Hopf-linked molecule. f,
Tetracene-based Hopf-linked molecule. Graphene nano-ribbons can also be used to construct a Hopf-links
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Chain connected by 2-in-1 Hopf-links
Figure 3. Carbon-Nano-Chains and Chainmail. a, Naphthalene-based Hopf-linked chain. The chain can change the global
geometries without changing the topology of the chain protected by strong σ bonds. b, Cyclodecapentaene-based Hopf-linked
chain. Straight and rolled chains are topologically the same, keeping the robust Topological-Long-Range-Order, while the
translational symmetries are broken due to its flexible nature of the chain. c, Chainmail using Hopf-links. Only 1 benzene ring
can enter into another benzene ring, while cyclodecapentaene (C10H10) can accommodate the maximum of 4 rings.
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These Hopf-linked chains spiral-up to the right.  
No rotation 
π 
2π 
3π 
4π 
Broken, if the strain exceeds the threshold. 
The chain relaxed. 
Tensile strain energy is accumulated. 
The restoration force works to bring the chain back to be unstrained.  
The kink can move as a soliton without changing the topology of the chain.
The winding number is 1.  
Fixed boundary condition. 
π 
2π 
3π 
4π 
Twist the boundary condition of the opposite end.  
f 
2π 
No difference after 1 rotation. No restoration force works. 
2π 
Figure 4. Stability of Hopf-linked Chain. The stability of the chain was examined by imposing a fixed boundary condition.
a, Original straight-chain. No global strain was accumulated. b, pi-twisted chain. One of the ring at the boundary was pi rotated
to the right. c, 2pi-twisted chain. The winding number of the chain is 1, so that the kink appeared as a soliton, which is
topologically protected upon deformations of the chain. d, 3pi-twisted chain. The restoration forces worked to bring the chain
back to the straight line. e, 4pi-twisted chain. The chain was broken down and the strain was relaxed. f, Poly-acetylene chain.
No restoration force worked upon the rotation of 2pi due to its rotational symmetry.
9/19
AA B A B A B
A B A 
A
A
A
A
e 
b  a 
d  
x 
y 
z 
a 
b 
a 
b 
c c 
Layers are aligned. 
AA-stack. 
Layers are half-pitch shifted.
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Figure 5. New 3D carbon allotrope, Hopfene. a, (1,1) Hopfene with the maximum insertions of Graphene sheets in the unit
cell with AB-stacks. It is a tetrahedral structure with the lattice constant a= b. b, (2,2) Hopfene with aligned AA-stacks
adjacent Graphene layers. It is also a tetrahedral structure with the lattice constant a= b. c, (1,2) Hopfene with AB stacks
along horizontal (x) direction and AA-stacks along vertical direction (y) . It is also a tetrahedral structure with the lattice
constant a= b. d-f, Expanded views of (1,1), (2,2), and (1,2) Hopfene crystals.
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y =
3
2
al +
1
2
as
<latexit sha1_b ase64="YZI6tF8se1nQdfrKqV8p9D2 enqU=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFoyG wUio5IOca6aMcLhKyp9IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B94pmq4=</la texit><latexit sha1_b ase64="YZI6tF8se1nQdfrKqV8p9D2 enqU=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFoyG wUio5IOca6aMcLhKyp9IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B94pmq4=</la texit><latexit sha1_b ase64="YZI6tF8se1nQdfrKqV8p9D2 enqU=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFoyG wUio5IOca6aMcLhKyp9IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B94pmq4=</la texit><latexit sha1_b ase64="YZI6tF8se1nQdfrKqV8p9D2 enqU=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFoyG wUio5IOca6aMcLhKyp9IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B94pmq4=</la texit>
y =
3
2
al + as
<latexit sha1_base64="2CHU2Srs fY12+IkjOpQ05FFdy5c=">AAAChXichVHLLgRBFD3ae7wGGwmLiQmRiMltBJ EIiY2l1yAxMuluNaOjX+numWR0emvhByysSESELT9g4wcsfIJYkthYuNPTiS C4lao6deqeW6eqVMfQPZ/osU6qb2hsam5pTbS1d3R2Jbt7Njy75Goiq9mG7 W6piicM3RJZX/cNseW4QjFVQ2yq+4vV/c2ycD3dttb9iiN2TKVo6QVdU3ym8 slUZS5XcBUtmAiD8VDJBznXTBnhaIy8MJ9MU4aiSP0EcgzSiGPZTl4gh13Y0 FCCCQELPmMDCjxu25BBcJjbQcCcy0iP9gVCJFhb4izBGQqz+zwWebUdsxav qzW9SK3xKQZ3l5UpDNEDXdIL3dMVPdH7r7WCqEbVS4VntaYVTr7rqG/t7V+V ybOPvU/Vn559FDATedXZuxMx1VtoNX354PhlbXZ1KBimM3pm/6f0SHd8A6v8 qp2viNUTJPgD5O/P/RNsjGdkysgrk+mFgfgrWtCPQYzwe09jAUtYRpbPPcQ 1bnArNUtj0qQ0VUuV6mJNL76ENP8BDHOV9Q==</latexit><latexit sha1_base64="2CHU2Srs fY12+IkjOpQ05FFdy5c=">AAAChXichVHLLgRBFD3ae7wGGwmLiQmRiMltBJ EIiY2l1yAxMuluNaOjX+numWR0emvhByysSESELT9g4wcsfIJYkthYuNPTiS C4lao6deqeW6eqVMfQPZ/osU6qb2hsam5pTbS1d3R2Jbt7Njy75Goiq9mG7 W6piicM3RJZX/cNseW4QjFVQ2yq+4vV/c2ycD3dttb9iiN2TKVo6QVdU3ym8 slUZS5XcBUtmAiD8VDJBznXTBnhaIy8MJ9MU4aiSP0EcgzSiGPZTl4gh13Y0 FCCCQELPmMDCjxu25BBcJjbQcCcy0iP9gVCJFhb4izBGQqz+zwWebUdsxav qzW9SK3xKQZ3l5UpDNEDXdIL3dMVPdH7r7WCqEbVS4VntaYVTr7rqG/t7V+V ybOPvU/Vn559FDATedXZuxMx1VtoNX354PhlbXZ1KBimM3pm/6f0SHd8A6v8 qp2viNUTJPgD5O/P/RNsjGdkysgrk+mFgfgrWtCPQYzwe09jAUtYRpbPPcQ 1bnArNUtj0qQ0VUuV6mJNL76ENP8BDHOV9Q==</latexit><latexit sha1_base64="2CHU2Srs fY12+IkjOpQ05FFdy5c=">AAAChXichVHLLgRBFD3ae7wGGwmLiQmRiMltBJ EIiY2l1yAxMuluNaOjX+numWR0emvhByysSESELT9g4wcsfIJYkthYuNPTiS C4lao6deqeW6eqVMfQPZ/osU6qb2hsam5pTbS1d3R2Jbt7Njy75Goiq9mG7 W6piicM3RJZX/cNseW4QjFVQ2yq+4vV/c2ycD3dttb9iiN2TKVo6QVdU3ym8 slUZS5XcBUtmAiD8VDJBznXTBnhaIy8MJ9MU4aiSP0EcgzSiGPZTl4gh13Y0 FCCCQELPmMDCjxu25BBcJjbQcCcy0iP9gVCJFhb4izBGQqz+zwWebUdsxav qzW9SK3xKQZ3l5UpDNEDXdIL3dMVPdH7r7WCqEbVS4VntaYVTr7rqG/t7V+V ybOPvU/Vn559FDATedXZuxMx1VtoNX354PhlbXZ1KBimM3pm/6f0SHd8A6v8 qp2viNUTJPgD5O/P/RNsjGdkysgrk+mFgfgrWtCPQYzwe09jAUtYRpbPPcQ 1bnArNUtj0qQ0VUuV6mJNL76ENP8BDHOV9Q==</latexit><latexit sha1_base64="2CHU2Srs fY12+IkjOpQ05FFdy5c=">AAAChXichVHLLgRBFD3ae7wGGwmLiQmRiMltBJ EIiY2l1yAxMuluNaOjX+numWR0emvhByysSESELT9g4wcsfIJYkthYuNPTiS C4lao6deqeW6eqVMfQPZ/osU6qb2hsam5pTbS1d3R2Jbt7Njy75Goiq9mG7 W6piicM3RJZX/cNseW4QjFVQ2yq+4vV/c2ycD3dttb9iiN2TKVo6QVdU3ym8 slUZS5XcBUtmAiD8VDJBznXTBnhaIy8MJ9MU4aiSP0EcgzSiGPZTl4gh13Y0 FCCCQELPmMDCjxu25BBcJjbQcCcy0iP9gVCJFhb4izBGQqz+zwWebUdsxav qzW9SK3xKQZ3l5UpDNEDXdIL3dMVPdH7r7WCqEbVS4VntaYVTr7rqG/t7V+V ybOPvU/Vn559FDATedXZuxMx1VtoNX354PhlbXZ1KBimM3pm/6f0SHd8A6v8 qp2viNUTJPgD5O/P/RNsjGdkysgrk+mFgfgrWtCPQYzwe09jAUtYRpbPPcQ 1bnArNUtj0qQ0VUuV6mJNL76ENP8BDHOV9Q==</latexit>
y = 2al + as
<latexit sha1_base64="JFkCdiZd O7avJHYmWBP1Z0TZG6k=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy7NKvrLrmgmjOh0ir5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGRuSdQ==</latexit><latexit sha1_base64="JFkCdiZd O7avJHYmWBP1Z0TZG6k=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy7NKvrLrmgmjOh0ir5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGRuSdQ==</latexit><latexit sha1_base64="JFkCdiZd O7avJHYmWBP1Z0TZG6k=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy7NKvrLrmgmjOh0ir5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGRuSdQ==</latexit><latexit sha1_base64="JFkCdiZd O7avJHYmWBP1Z0TZG6k=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy7NKvrLrmgmjOh0ir5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGRuSdQ==</latexit>
Graphene layers are shifted (c/2). 
AB-Stack. 
a 
c 
a = b = 2al + as
<latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="bs8QlLlj yYde7WbNFuyzJJm+ZMk=">AAACVXichVG7SgNBFD1ZX3F9JMFGsAmGiFW4a6 NYCTaWeZgHxBB2N6Mu2ewuu5tADP5AWgsLKwUR8TNs/AGL9DZiGcHGwrubgK iod5iZM2fm3DlzR3NMw/OJBhFpYnJqeiY6K8/NywuLsfh8ybPbri6Kum3ab kVTPWEalij6hm+KiuMKtaWZoqw1d4P9cke4nmFb+37XEbWWemQZh4au+kxl6 /EUZSiM5E+gjEEK47DjNzhAAzZ0tNGCgAWfsQkVHrcqFBAc5mroMecyMsJ9g VPIrG3zKcEnVGabPB7xqjpmLV4HOb1QrfMtJneXlUmk6ZFuaUgPdEfP9P5r rl6YI/DS5VkbaYVTj/WXC2//qlo8+zj+VP3p2cchtkKvBnt3QiZ4hT7Sd07O h4XtfLq3Rlf0wv4vaUD3/AKr86pf50T+AjLXX/le7Z+gtJFRKKPkCFGsYBXr XOZN7GAPWRT5ugb6OIs8SbKUGP2TFBl/WAJfQlr6AAYJh7c=</latexit><latexit sha1_base64="m9M2HTwa 3tJjLpEGeF1O4kdjjIw=">AAACcnichVHLSsNAFD2Nr1ofra4KboqlIijlph tFKAhuXNZHH6BSkjhqMC+StFBL/QB/wIUrRRER/Qk3/oALP0FcVnAj6G0aEB X1DjNz5sycO2fmqo6hez7RY0Tq6e3rH4gOxoaGR0bjibHhkmfXXE0UNduw3 YqqeMLQLVH0dd8QFccViqkaoqzuL3X2y3XherptrfsNR2yZyq6l7+ia4jNVT SSVvJrPKdXmpmumjNZMiLxWNZGmLAWR+gnkEKQRRsFOXGIT27ChoQYTAhZ8x gYUeNw2IIPgMLeFJnMuIz3YF2ghxtoanxJ8QmF2n8ddXm2ErMXrTk4vUGt8 i8HdZWUKGXqgK2rTPV3TE739mqsZ5Oh4afCsdrXCqcaPkmuv/6pMnn3sfar+ 9OxjB/OBV529OwHTeYXW1dcPjttrC6uZ5hSd0TP7P6VHuuMXWPUX7WJFrJ4g xgWQv3/3T1DKZWXKyiuEKCYwiWn+5jksYhkFFPm6Q5zjBreRdykjzXZLJUX Cmo3jS0jZDzM2kk0=</latexit><latexit sha1_base64="m9M2HTwa 3tJjLpEGeF1O4kdjjIw=">AAACcnichVHLSsNAFD2Nr1ofra4KboqlIijlph tFKAhuXNZHH6BSkjhqMC+StFBL/QB/wIUrRRER/Qk3/oALP0FcVnAj6G0aEB X1DjNz5sycO2fmqo6hez7RY0Tq6e3rH4gOxoaGR0bjibHhkmfXXE0UNduw3 YqqeMLQLVH0dd8QFccViqkaoqzuL3X2y3XherptrfsNR2yZyq6l7+ia4jNVT SSVvJrPKdXmpmumjNZMiLxWNZGmLAWR+gnkEKQRRsFOXGIT27ChoQYTAhZ8x gYUeNw2IIPgMLeFJnMuIz3YF2ghxtoanxJ8QmF2n8ddXm2ErMXrTk4vUGt8 i8HdZWUKGXqgK2rTPV3TE739mqsZ5Oh4afCsdrXCqcaPkmuv/6pMnn3sfar+ 9OxjB/OBV529OwHTeYXW1dcPjttrC6uZ5hSd0TP7P6VHuuMXWPUX7WJFrJ4g xgWQv3/3T1DKZWXKyiuEKCYwiWn+5jksYhkFFPm6Q5zjBreRdykjzXZLJUX Cmo3jS0jZDzM2kk0=</latexit><latexit sha1_base64="hfZBqhaw xSx/qZsaZBIzN+oG62c=">AAACfXichVHLSsNAFD2N7/qquinoolgqglJu3F QEoeDGpa9awZaSxFFD8yJJC7XUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqSOzq7unt6+aP/A4NBwbGR007MrriZymm3Y7 paqeMLQLZHzdd8QW44rFFM1RF4tL7X281Xherptbfg1RxRNZc/Sd3VN8Zkqx eLKoro4p5TqBddMGI2ZEHmNUixJaQoi8RPIIUgijBU7dokCdmBDQwUmBCz4j A0o8LhtQwbBYa6IOnMuIz3YF2ggytoKZwnOUJgt87jHq+2QtXjdqukFao1P Mbi7rEwgRQ90RU26p2t6ordfa9WDGi0vNZ7VtlY4peGj+PrrvyqTZx/7n6o/ PfvYxXzgVWfvTsC0bqG19dWD4+b6wlqqPkVn9Mz+T+mR7vgGVvVFu1gVayeI 8gfI35/7J9icS8uUllcpmZ0Iv6IX45jENL93BlksYwU5PvcQ57jBbeRdSkm zUrqdKkVCzRi+hJT5AH1Qkww=</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit><latexit sha1_base64="rtUjVAJU OFZnrpeYR9AWYN00UbM=">AAACfXichVHLSsNAFD2N7/po1Y2gi2KpCEq5EU ERBMGNS199QCsliaOG5kWSFrTUD/AHXLhSFBHRn3DjD7jwE8RlBTeC3qYBUV HvMDNnztxz58yM6hi65xM9RqS29o7Oru6eaG9f/0AsPjiU9eyKq4mMZhu2m 1cVTxi6JTK+7hsi77hCMVVD5NTycnM/VxWup9vWpr/viC1T2bX0HV1TfKZK8 RFlUV2cUUq1omsmjPpUiLx6KZ6kNAWR+AnkECQRxqodv0QR27ChoQITAhZ8x gYUeNwKkEFwmNtCjTmXkR7sC9QRZW2FswRnKMyWedzlVSFkLV43a3qBWuNT DO4uKxNI0QNdUYPu6Zqe6O3XWrWgRtPLPs9qSyucUuxoZOP1X5XJs4+9T9Wf nn3sYD7wqrN3J2Cat9Ba+urBcWNjYT1Vm6Azemb/p/RId3wDq/qiXayJ9RNE +QPk78/9E2Rn0jKl5bXZ5NJY+BXdGMU4Jvm957CEFawiw+ce4hw3uI28Syl pWkq3UqVIqBnGl5DmPgB+kJMQ</latexit>
Unit cell of (2,2) Hopfene 
z 
x 
y 
(Y-Slot 0)y = 0
<latexit sha1_b ase64="ut9FeJnDJV99gqW4xeYelWI fbRA=">AAACZnichVHLSsNAFD2N76q 1KqKgi2KpuCo3IiiCILhxaVurhVpKE qc1mCYhSQu1+AOCW124UhARP8ONP+C if6C4rODGhbdpQLSod5iZM2fuuXNmR rUN3fWImiGpp7evf2BwKDw8MhoZi4 5P7LpW1dFEVrMMy8mpiisM3RRZT/cM kbMdoVRUQ+ypR5vt/b2acFzdMne8ui 0KFaVs6iVdUzymMvV1KkbjlCQ/Yt1A DkAcQWxb0Vvs4wAWNFRRgYAJj7EBBS 63PGQQbOYKaDDnMNL9fYEThFlb5SzB GQqzRzyWeZUPWJPX7Zqur9b4FIO7w 8oYEvREd9SiR7qnF/r4tVbDr9H2Uud Z7WiFXRw7ncm8/6uq8Ozh8Ev1p2cPJ az6XnX2bvtM+xZaR187vmhl1tKJxgJ d0yv7v6ImPfANzNqbdpMS6UuE+QPkn 8/dDXaXkjIl5dRyfGMu+IpBzGIei/z eK9jAFraR5XPLOMM5LkLPUkSakqY7q VIo0EziW0ixTxLtilQ=</latexit><latexit sha1_b ase64="ut9FeJnDJV99gqW4xeYelWI fbRA=">AAACZnichVHLSsNAFD2N76q 1KqKgi2KpuCo3IiiCILhxaVurhVpKE qc1mCYhSQu1+AOCW124UhARP8ONP+C if6C4rODGhbdpQLSod5iZM2fuuXNmR rUN3fWImiGpp7evf2BwKDw8MhoZi4 5P7LpW1dFEVrMMy8mpiisM3RRZT/cM kbMdoVRUQ+ypR5vt/b2acFzdMne8ui 0KFaVs6iVdUzymMvV1KkbjlCQ/Yt1A DkAcQWxb0Vvs4wAWNFRRgYAJj7EBBS 63PGQQbOYKaDDnMNL9fYEThFlb5SzB GQqzRzyWeZUPWJPX7Zqur9b4FIO7w 8oYEvREd9SiR7qnF/r4tVbDr9H2Uud Z7WiFXRw7ncm8/6uq8Ozh8Ev1p2cPJ az6XnX2bvtM+xZaR187vmhl1tKJxgJ d0yv7v6ImPfANzNqbdpMS6UuE+QPkn 8/dDXaXkjIl5dRyfGMu+IpBzGIei/z eK9jAFraR5XPLOMM5LkLPUkSakqY7q VIo0EziW0ixTxLtilQ=</latexit><latexit sha1_b ase64="ut9FeJnDJV99gqW4xeYelWI fbRA=">AAACZnichVHLSsNAFD2N76q 1KqKgi2KpuCo3IiiCILhxaVurhVpKE qc1mCYhSQu1+AOCW124UhARP8ONP+C if6C4rODGhbdpQLSod5iZM2fuuXNmR rUN3fWImiGpp7evf2BwKDw8MhoZi4 5P7LpW1dFEVrMMy8mpiisM3RRZT/cM kbMdoVRUQ+ypR5vt/b2acFzdMne8ui 0KFaVs6iVdUzymMvV1KkbjlCQ/Yt1A DkAcQWxb0Vvs4wAWNFRRgYAJj7EBBS 63PGQQbOYKaDDnMNL9fYEThFlb5SzB GQqzRzyWeZUPWJPX7Zqur9b4FIO7w 8oYEvREd9SiR7qnF/r4tVbDr9H2Uud Z7WiFXRw7ncm8/6uq8Ozh8Ev1p2cPJ az6XnX2bvtM+xZaR187vmhl1tKJxgJ d0yv7v6ImPfANzNqbdpMS6UuE+QPkn 8/dDXaXkjIl5dRyfGMu+IpBzGIei/z eK9jAFraR5XPLOMM5LkLPUkSakqY7q VIo0EziW0ixTxLtilQ=</latexit><latexit sha1_b ase64="ut9FeJnDJV99gqW4xeYelWI fbRA=">AAACZnichVHLSsNAFD2N76q 1KqKgi2KpuCo3IiiCILhxaVurhVpKE qc1mCYhSQu1+AOCW124UhARP8ONP+C if6C4rODGhbdpQLSod5iZM2fuuXNmR rUN3fWImiGpp7evf2BwKDw8MhoZi4 5P7LpW1dFEVrMMy8mpiisM3RRZT/cM kbMdoVRUQ+ypR5vt/b2acFzdMne8ui 0KFaVs6iVdUzymMvV1KkbjlCQ/Yt1A DkAcQWxb0Vvs4wAWNFRRgYAJj7EBBS 63PGQQbOYKaDDnMNL9fYEThFlb5SzB GQqzRzyWeZUPWJPX7Zqur9b4FIO7w 8oYEvREd9SiR7qnF/r4tVbDr9H2Uud Z7WiFXRw7ncm8/6uq8Ozh8Ev1p2cPJ az6XnX2bvtM+xZaR187vmhl1tKJxgJ d0yv7v6ImPfANzNqbdpMS6UuE+QPkn 8/dDXaXkjIl5dRyfGMu+IpBzGIei/z eK9jAFraR5XPLOMM5LkLPUkSakqY7q VIo0EziW0ixTxLtilQ=</latexit>
z 
x 
y 
y =
1
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1
2
as
<latexit sha1_base64="AftD3/cZ BUAo7Tc2f2kh8vexj8M=">AAACkHichVG7SgNBFD2u7/iK2ghaBIMiCOGuCI ogKjZi5SsqGAm76yQu7ovdTSAu+wN2VhZWCiLiB9gqNv6AhZ8glgo2Ft5sFk SDeoeZOXPmnjtnZlTH0D2f6KlBamxqbmlta090dHZ19yR7+zY9u+RqIqvZh u1uq4onDN0SWV/3DbHtuEIxVUNsqQeL1f2tsnA93bY2/Iojdk2laOkFXVN8p vLJ8cpsruAqWiCHwUSo5IOca6aMcLye9MJ8Mk0ZiiJVD+QYpBHHip28RA57s KGhBBMCFnzGBhR43HYgg+Awt4uAOZeRHu0LhEiwtsRZgjMUZg94LPJqJ2Yt XldrepFa41MM7i4rUxihR7qiV3qga3qmj19rBVGNqpcKz2pNK5x8z9HA+vu/ KpNnH/tfqj89+yhgOvKqs3cnYqq30Gr68uHJ6/rM2kgwSuf0wv7P6Inu+QZW +U27WBVrp0jwB8g/n7sebE5kZMrIq5Pp+aH4K9owiGGM8XtPYR5LWEGWzz3 GDW5xJ/VJ09KctFBLlRpiTT++hbT8Cdnlmqw=</latexit><latexit sha1_base64="AftD3/cZ BUAo7Tc2f2kh8vexj8M=">AAACkHichVG7SgNBFD2u7/iK2ghaBIMiCOGuCI ogKjZi5SsqGAm76yQu7ovdTSAu+wN2VhZWCiLiB9gqNv6AhZ8glgo2Ft5sFk SDeoeZOXPmnjtnZlTH0D2f6KlBamxqbmlta090dHZ19yR7+zY9u+RqIqvZh u1uq4onDN0SWV/3DbHtuEIxVUNsqQeL1f2tsnA93bY2/Iojdk2laOkFXVN8p vLJ8cpsruAqWiCHwUSo5IOca6aMcLye9MJ8Mk0ZiiJVD+QYpBHHip28RA57s KGhBBMCFnzGBhR43HYgg+Awt4uAOZeRHu0LhEiwtsRZgjMUZg94LPJqJ2Yt XldrepFa41MM7i4rUxihR7qiV3qga3qmj19rBVGNqpcKz2pNK5x8z9HA+vu/ KpNnH/tfqj89+yhgOvKqs3cnYqq30Gr68uHJ6/rM2kgwSuf0wv7P6Inu+QZW +U27WBVrp0jwB8g/n7sebE5kZMrIq5Pp+aH4K9owiGGM8XtPYR5LWEGWzz3 GDW5xJ/VJ09KctFBLlRpiTT++hbT8Cdnlmqw=</latexit><latexit sha1_base64="AftD3/cZ BUAo7Tc2f2kh8vexj8M=">AAACkHichVG7SgNBFD2u7/iK2ghaBIMiCOGuCI ogKjZi5SsqGAm76yQu7ovdTSAu+wN2VhZWCiLiB9gqNv6AhZ8glgo2Ft5sFk SDeoeZOXPmnjtnZlTH0D2f6KlBamxqbmlta090dHZ19yR7+zY9u+RqIqvZh u1uq4onDN0SWV/3DbHtuEIxVUNsqQeL1f2tsnA93bY2/Iojdk2laOkFXVN8p vLJ8cpsruAqWiCHwUSo5IOca6aMcLye9MJ8Mk0ZiiJVD+QYpBHHip28RA57s KGhBBMCFnzGBhR43HYgg+Awt4uAOZeRHu0LhEiwtsRZgjMUZg94LPJqJ2Yt XldrepFa41MM7i4rUxihR7qiV3qga3qmj19rBVGNqpcKz2pNK5x8z9HA+vu/ KpNnH/tfqj89+yhgOvKqs3cnYqq30Gr68uHJ6/rM2kgwSuf0wv7P6Inu+QZW +U27WBVrp0jwB8g/n7sebE5kZMrIq5Pp+aH4K9owiGGM8XtPYR5LWEGWzz3 GDW5xJ/VJ09KctFBLlRpiTT++hbT8Cdnlmqw=</latexit><latexit sha1_base64="AftD3/cZ BUAo7Tc2f2kh8vexj8M=">AAACkHichVG7SgNBFD2u7/iK2ghaBIMiCOGuCI ogKjZi5SsqGAm76yQu7ovdTSAu+wN2VhZWCiLiB9gqNv6AhZ8glgo2Ft5sFk SDeoeZOXPmnjtnZlTH0D2f6KlBamxqbmlta090dHZ19yR7+zY9u+RqIqvZh u1uq4onDN0SWV/3DbHtuEIxVUNsqQeL1f2tsnA93bY2/Iojdk2laOkFXVN8p vLJ8cpsruAqWiCHwUSo5IOca6aMcLye9MJ8Mk0ZiiJVD+QYpBHHip28RA57s KGhBBMCFnzGBhR43HYgg+Awt4uAOZeRHu0LhEiwtsRZgjMUZg94LPJqJ2Yt XldrepFa41MM7i4rUxihR7qiV3qga3qmj19rBVGNqpcKz2pNK5x8z9HA+vu/ KpNnH/tfqj89+yhgOvKqs3cnYqq30Gr68uHJ6/rM2kgwSuf0wv7P6Inu+QZW +U27WBVrp0jwB8g/n7sebE5kZMrIq5Pp+aH4K9owiGGM8XtPYR5LWEGWzz3 GDW5xJ/VJ09KctFBLlRpiTT++hbT8Cdnlmqw=</latexit>
z 
x 
y 
y =
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2
al
<latexit sha1_base64="khox3JUO zw+CFXR+hekRuusrs9s=">AAACe3ichVHLSsNAFD2N7/qqCiLoolgUESk3RV EEQXDj0qpVwUpJ4lRD8yJJCzX2B/wBF64URET/wo0/4KKfIC4V3Ch4mwZERb 3DzJw5c8+dMzOqY+ieT1SPSS2tbe0dnV3x7p7evv7EwOCWZ5ddTeQ027DdH VXxhKFbIufrviF2HFcopmqIbbW00tjfrgjX021r0686Ys9UDiy9qGuKz1QhM VxdyhddRQvkWpCpKYUg75pJo1ZIpChNYSR/AjkCKUSxZieukMc+bGgow4SAB Z+xAQUet13IIDjM7SFgzmWkh/sCNcRZW+YswRkKsyUeD3i1G7EWrxs1vVCt 8SkGd5eVSUzQA13TM93TDT3S26+1grBGw0uVZ7WpFU6h/2Rk4/Vflcmzj8NP 1Z+efRSxEHrV2bsTMo1baE195ej0eWNxfSKYpAt6Yv/nVKc7voFVedEus2L9 DHH+APn7c/8EW5m0TGk5O5taHou+ohOjGMcUv/c8lrGKNeT43GNc4Aa3sXc pJU1LM81UKRZphvAlpLkP7v+S3Q==</latexit><latexit sha1_base64="khox3JUO zw+CFXR+hekRuusrs9s=">AAACe3ichVHLSsNAFD2N7/qqCiLoolgUESk3RV EEQXDj0qpVwUpJ4lRD8yJJCzX2B/wBF64URET/wo0/4KKfIC4V3Ch4mwZERb 3DzJw5c8+dMzOqY+ieT1SPSS2tbe0dnV3x7p7evv7EwOCWZ5ddTeQ027DdH VXxhKFbIufrviF2HFcopmqIbbW00tjfrgjX021r0686Ys9UDiy9qGuKz1QhM VxdyhddRQvkWpCpKYUg75pJo1ZIpChNYSR/AjkCKUSxZieukMc+bGgow4SAB Z+xAQUet13IIDjM7SFgzmWkh/sCNcRZW+YswRkKsyUeD3i1G7EWrxs1vVCt 8SkGd5eVSUzQA13TM93TDT3S26+1grBGw0uVZ7WpFU6h/2Rk4/Vflcmzj8NP 1Z+efRSxEHrV2bsTMo1baE195ej0eWNxfSKYpAt6Yv/nVKc7voFVedEus2L9 DHH+APn7c/8EW5m0TGk5O5taHou+ohOjGMcUv/c8lrGKNeT43GNc4Aa3sXc pJU1LM81UKRZphvAlpLkP7v+S3Q==</latexit><latexit sha1_base64="khox3JUO zw+CFXR+hekRuusrs9s=">AAACe3ichVHLSsNAFD2N7/qqCiLoolgUESk3RV EEQXDj0qpVwUpJ4lRD8yJJCzX2B/wBF64URET/wo0/4KKfIC4V3Ch4mwZERb 3DzJw5c8+dMzOqY+ieT1SPSS2tbe0dnV3x7p7evv7EwOCWZ5ddTeQ027DdH VXxhKFbIufrviF2HFcopmqIbbW00tjfrgjX021r0686Ys9UDiy9qGuKz1QhM VxdyhddRQvkWpCpKYUg75pJo1ZIpChNYSR/AjkCKUSxZieukMc+bGgow4SAB Z+xAQUet13IIDjM7SFgzmWkh/sCNcRZW+YswRkKsyUeD3i1G7EWrxs1vVCt 8SkGd5eVSUzQA13TM93TDT3S26+1grBGw0uVZ7WpFU6h/2Rk4/Vflcmzj8NP 1Z+efRSxEHrV2bsTMo1baE195ej0eWNxfSKYpAt6Yv/nVKc7voFVedEus2L9 DHH+APn7c/8EW5m0TGk5O5taHou+ohOjGMcUv/c8lrGKNeT43GNc4Aa3sXc pJU1LM81UKRZphvAlpLkP7v+S3Q==</latexit><latexit sha1_base64="khox3JUO zw+CFXR+hekRuusrs9s=">AAACe3ichVHLSsNAFD2N7/qqCiLoolgUESk3RV EEQXDj0qpVwUpJ4lRD8yJJCzX2B/wBF64URET/wo0/4KKfIC4V3Ch4mwZERb 3DzJw5c8+dMzOqY+ieT1SPSS2tbe0dnV3x7p7evv7EwOCWZ5ddTeQ027DdH VXxhKFbIufrviF2HFcopmqIbbW00tjfrgjX021r0686Ys9UDiy9qGuKz1QhM VxdyhddRQvkWpCpKYUg75pJo1ZIpChNYSR/AjkCKUSxZieukMc+bGgow4SAB Z+xAQUet13IIDjM7SFgzmWkh/sCNcRZW+YswRkKsyUeD3i1G7EWrxs1vVCt 8SkGd5eVSUzQA13TM93TDT3S26+1grBGw0uVZ7WpFU6h/2Rk4/Vflcmzj8NP 1Z+efRSxEHrV2bsTMo1baE195ej0eWNxfSKYpAt6Yv/nVKc7voFVedEus2L9 DHH+APn7c/8EW5m0TGk5O5taHou+ohOjGMcUv/c8lrGKNeT43GNc4Aa3sXc pJU1LM81UKRZphvAlpLkP7v+S3Q==</latexit>
X-Slot 0 
X-Slot 2  
X-Slot 1 (Empty)  
Long bond (al) 
facing the Hopf-link 
Short bond (as) 
(Y-Slot 1, Empty)
z 
x 
y z 
x 
y z 
x 
y 
(Y-Slot 2)
z 
x 
y 
Graphene layers between Y-Slot 0 and Y-Slot 2 are aligned. AA-Stack. 
a 
c 
y =
1
2
al +
3
2
as
<latexit sha1_b ase64="7pxOSbFEPSAIeWa4SzMKxoB 2w1Y=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFshh MBIq+SDnmikjHK6So59IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B93/mq4=</la texit><latexit sha1_b ase64="7pxOSbFEPSAIeWa4SzMKxoB 2w1Y=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFshh MBIq+SDnmikjHK6So59IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B93/mq4=</la texit><latexit sha1_b ase64="7pxOSbFEPSAIeWa4SzMKxoB 2w1Y=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFshh MBIq+SDnmikjHK6So59IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B93/mq4=</la texit><latexit sha1_b ase64="7pxOSbFEPSAIeWa4SzMKxoB 2w1Y=">AAACkHichVG7SsRAFD3G9/p atRG0WFwUQVhuVFAEUbERK1+rgitLE mc1mBdJdmEN+QE7KwsrBRHxA2wVG3/ Awk8QSwUbC+9mA75Q7zAzZ87cc+fMj OoYuucTPdRItXX1DY1NzYmW1rb2jm Rn15pnF11NZDXbsN0NVfGEoVsi6+u+ ITYcVyimaoh1dW+usr9eEq6n29aqX3 bElqnsWHpB1xSfqXxyuDyVK7iKFshh MBIq+SDnmikjHK6So59IL8wn05ShKF I/gRyDNOJYtJPnyGEbNjQUYULAgs/Y gAKP2yZkEBzmthAw5zLSo32BEAnWF jlLcIbC7B6PO7zajFmL15WaXqTW+BS Du8vKFAboni7ome7okh7p7ddaQVSj4 qXMs1rVCiffcdCz8vqvyuTZx+6H6k/ PPgqYiLzq7N2JmMottKq+tH/0vDK5P BAM0ik9sf8TeqBbvoFVetHOlsTyMRL 8AfL35/4J1kYyMmXkpbH0TF/8FU3oR T+G+L3HMYN5LCLL5x7iCte4kbqkCW lamq2mSjWxphtfQlp4B93/mq4=</la texit>
y =
1
2
al + as
<latexit  sha1_base64="8 z5iVElJ4Ygkdu6V RCWAr6Rf0PM=">A AAChXichVG7SgNB FD2urxhfURtBi2B QBDHcFVERxICNp a+oYCTsrhNd3Be7 m0BctrXwByysFER EW/0BG3/Awk8QSw UbC282C6Ki3mFmz py5586ZGdUxdM8n emyQGpuaW1oTbcn 2js6u7lRP77pnl1 1N5DXbsN1NVfGEo Vsi7+u+ITYdVyim aogNdX+htr9REa6 n29aaX3XEtqnsWn pJ1xSfqWIqXZ0rl FxFC+QwmAiVYlB wzbQRjsXIC4upDG UpivRPIMcggziW7 NQFCtiBDQ1lmBCw 4DM2oMDjtgUZBIe 5bQTMuYz0aF8gRJ K1Zc4SnKEwu8/jL q+2Ytbida2mF6k1 PsXg7rIyjWF6oEt 6oXu6oid6/7VWEN WoeanyrNa1wil2H /Wvvv2rMnn2sfep +tOzjxJmIq86e3 cipnYLra6vHBy/r M6uDAcjdEbP7P+U HumOb2BVXrXzZbF ygiR/gPz9uX+C9Y msTFl5eTKTG4y/I oEBDGGU33saOSxi CXk+9xDXuMGt1Cq NS5PSVD1Vaog1ff gS0vwHCEWV8w==< /latexit><latexit  sha1_base64="8 z5iVElJ4Ygkdu6V RCWAr6Rf0PM=">A AAChXichVG7SgNB FD2urxhfURtBi2B QBDHcFVERxICNp a+oYCTsrhNd3Be7 m0BctrXwByysFER EW/0BG3/Awk8QSw UbC282C6Ki3mFmz py5586ZGdUxdM8n emyQGpuaW1oTbcn 2js6u7lRP77pnl1 1N5DXbsN1NVfGEo Vsi7+u+ITYdVyim aogNdX+htr9REa6 n29aaX3XEtqnsWn pJ1xSfqWIqXZ0rl FxFC+QwmAiVYlB wzbQRjsXIC4upDG UpivRPIMcggziW7 NQFCtiBDQ1lmBCw 4DM2oMDjtgUZBIe 5bQTMuYz0aF8gRJ K1Zc4SnKEwu8/jL q+2Ytbida2mF6k1 PsXg7rIyjWF6oEt 6oXu6oid6/7VWEN WoeanyrNa1wil2H /Wvvv2rMnn2sfep +tOzjxJmIq86e3 cipnYLra6vHBy/r M6uDAcjdEbP7P+U HumOb2BVXrXzZbF ygiR/gPz9uX+C9Y msTFl5eTKTG4y/I oEBDGGU33saOSxi CXk+9xDXuMGt1Cq NS5PSVD1Vaog1ff gS0vwHCEWV8w==< /latexit><latexit  sha1_base64="8 z5iVElJ4Ygkdu6V RCWAr6Rf0PM=">A AAChXichVG7SgNB FD2urxhfURtBi2B QBDHcFVERxICNp a+oYCTsrhNd3Be7 m0BctrXwByysFER EW/0BG3/Awk8QSw UbC282C6Ki3mFmz py5586ZGdUxdM8n emyQGpuaW1oTbcn 2js6u7lRP77pnl1 1N5DXbsN1NVfGEo Vsi7+u+ITYdVyim aogNdX+htr9REa6 n29aaX3XEtqnsWn pJ1xSfqWIqXZ0rl FxFC+QwmAiVYlB wzbQRjsXIC4upDG UpivRPIMcggziW7 NQFCtiBDQ1lmBCw 4DM2oMDjtgUZBIe 5bQTMuYz0aF8gRJ K1Zc4SnKEwu8/jL q+2Ytbida2mF6k1 PsXg7rIyjWF6oEt 6oXu6oid6/7VWEN WoeanyrNa1wil2H /Wvvv2rMnn2sfep +tOzjxJmIq86e3 cipnYLra6vHBy/r M6uDAcjdEbP7P+U HumOb2BVXrXzZbF ygiR/gPz9uX+C9Y msTFl5eTKTG4y/I oEBDGGU33saOSxi CXk+9xDXuMGt1Cq NS5PSVD1Vaog1ff gS0vwHCEWV8w==< /latexit><latexit  sha1_base64="8 z5iVElJ4Ygkdu6V RCWAr6Rf0PM=">A AAChXichVG7SgNB FD2urxhfURtBi2B QBDHcFVERxICNp a+oYCTsrhNd3Be7 m0BctrXwByysFER EW/0BG3/Awk8QSw UbC282C6Ki3mFmz py5586ZGdUxdM8n emyQGpuaW1oTbcn 2js6u7lRP77pnl1 1N5DXbsN1NVfGEo Vsi7+u+ITYdVyim aogNdX+htr9REa6 n29aaX3XEtqnsWn pJ1xSfqWIqXZ0rl FxFC+QwmAiVYlB wzbQRjsXIC4upDG UpivRPIMcggziW7 NQFCtiBDQ1lmBCw 4DM2oMDjtgUZBIe 5bQTMuYz0aF8gRJ K1Zc4SnKEwu8/jL q+2Ytbida2mF6k1 PsXg7rIyjWF6oEt 6oXu6oid6/7VWEN WoeanyrNa1wil2H /Wvvv2rMnn2sfep +tOzjxJmIq86e3 cipnYLra6vHBy/r M6uDAcjdEbP7P+U HumOb2BVXrXzZbF ygiR/gPz9uX+C9Y msTFl5eTKTG4y/I oEBDGGU33saOSxi CXk+9xDXuMGt1Cq NS5PSVD1Vaog1ff gS0vwHCEWV8w==< /latexit>
y =
1
2
al + 2as
<latexit sha1_base64="1cf+qPOf OGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62vqhtBF9WiCEK5KY oiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhSEBFxqx/gxh9w4SeISwU3LrxNA6 Ki3mFmzpy5586ZGdUxdM8nemySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbs N1NVfGEoVui4Ou+ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfq VJqpDZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3bqAkXsw IaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpnCc5QmN3ncZdXWzFr 8bpe04vUGp9icHdZmcYYPdAlvdA9XdETvf9aK4hq1L3UeFYbWuGUeo8GV9/+ VZk8+9j7VP3p2UcZs5FXnb07EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzew qq/a+bJYOUGSP0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3 ENW5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf+qPOf OGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62vqhtBF9WiCEK5KY oiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhSEBFxqx/gxh9w4SeISwU3LrxNA6 Ki3mFmzpy5586ZGdUxdM8nemySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbs N1NVfGEoVui4Ou+ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfq VJqpDZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3bqAkXsw IaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpnCc5QmN3ncZdXWzFr 8bpe04vUGp9icHdZmcYYPdAlvdA9XdETvf9aK4hq1L3UeFYbWuGUeo8GV9/+ VZk8+9j7VP3p2UcZs5FXnb07EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzew qq/a+bJYOUGSP0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3 ENW5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf+qPOf OGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62vqhtBF9WiCEK5KY oiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhSEBFxqx/gxh9w4SeISwU3LrxNA6 Ki3mFmzpy5586ZGdUxdM8nemySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbs N1NVfGEoVui4Ou+ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfq VJqpDZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3bqAkXsw IaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpnCc5QmN3ncZdXWzFr 8bpe04vUGp9icHdZmcYYPdAlvdA9XdETvf9aK4hq1L3UeFYbWuGUeo8GV9/+ VZk8+9j7VP3p2UcZs5FXnb07EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzew qq/a+bJYOUGSP0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3 ENW5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf+qPOf OGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62vqhtBF9WiCEK5KY oiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhSEBFxqx/gxh9w4SeISwU3LrxNA6 Ki3mFmzpy5586ZGdUxdM8nemySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbs N1NVfGEoVui4Ou+ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfq VJqpDZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3bqAkXsw IaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpnCc5QmN3ncZdXWzFr 8bpe04vUGp9icHdZmcYYPdAlvdA9XdETvf9aK4hq1L3UeFYbWuGUeo8GV9/+ VZk8+9j7VP3p2UcZs5FXnb07EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzew qq/a+bJYOUGSP0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3 ENW5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit>
y = al + 2as
<latexit sha1_base64="H73Yt5Hj Ush6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73Yt5Hj Ush6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73Yt5Hj Ush6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73Yt5Hj Ush6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1pfVUEEXRSLIirlRh RFEApuXKq1VVApSZxqMC+StFBrf8AfcOFKQUT0L9z4Ay78BHFZwY2Ct2lAtK h3mJkzZ+65c2ZGdQzd84meIlJLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3 VYVTxi6JbK+7hti23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx 4fKy0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowoSABZ+xA QUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODVTshavK7X9AK1xqcY 3F1WJjBOj3RDNXqgW3qm919rVYIadS9lntWGVjj5vtPhzNu/KpNnH4dfqj89 +yhgMfCqs3cnYOq30Br60vFZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4 A+Sfz90McrMpmVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKa kmUaqFAk1g/gW0vwnGtGSdQ==</latexit>
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Figure 6. Unit cells for (1,1) and (2,2) Hopfene structures. The crystal structure is tetragonal for both structures
(a= b 6= c). We show the details of atomic arrangements in unit cells upon increasing the layers. The bond length of the bond
across the Hopf-link was expanded to be long al, while the expansion of other bonds was shorter as. a, Unit cell for (1,1)
Hopfene. All available slots are occupied by Hopf-links. We obtained al = 1.8 and al = 1.5 . The lattice constants were
a= b= 2al +as = 5.1 and c=
√
3as = 2.6 . b, Unit cell for (2,2) Hopfene. The middle slot (slot 1) in the unit cell is empty
for both x and y directions. We obtained al = 1.8 and al = 1.4 . The lattice constants are a= b= al +2as = 4.6 and
c=
√
3as = 2.4 .
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Figure 7. Hopf-linked bilayer-Graphene. a, Simulated structure. 1D Hopf-linked chain was made at the intersection. The
bonds were expanded in the chain, while other bonds away from the link was fully relaxed due to its open boundary condition
during the simulation. b, Expected electronic band structure, calculated by the tight-binding approximations. The horizontal
Graphene has 2 valleys at K1 and K
′
1, while the vertical one has 2 valleys at K2 and K
′
2. K1 (K
′
1) and K2 (K
′
2) are located at the
equivalent position in the momentum space, so that states are completely degenerate at these points, while the propagating
sheets in real space are different.
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Supplementary Figure 1. Extended views of Hopfene. Top views (a, d, g), side views (b, e, h), and the other side views
(c, f, i) of (1,1), (2,2), (1,2) Hopfene structures, respectively. The Graphene sheets are distorted especially at the boundaries due
to the relaxation of strains. Topological periodic orders were mostly maintained, while we also found topological defects in
(2,2) Hopfene with broken topological periodicity. This was coming from the non-perfect initial condition in our simulation,
which could be corrected but we intentionally kept for highlighting the new type of defects without breaking bonds. (1,2)
Hopfene was perfect to keep the topological order.
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2. Insertion of a Graphene sheet into the Slot 0  
3A. Insertion of Graphene sheets into all available slots 3B. Insertion of Graphene sheets every alternative slots 
The graphene sheets next to the slot 0 were inserted into the slot 1 both 
along x and y directions. Therefore, it is called (1,1) Hopfene. 
The graphene sheets next to the slot 0 were inserted into the slot 2 both 
along x and y directions. Therefore, it is called (2,2) Hopfene. 
The next layer shifts half-lattice constant along z. AB-stack. 
However, the layer is not shifted along x nor y. Therefore, the AB-
stack of Hopfene is different from the AB-stack of Graphite. 
The next layer is aligned to the layer below. AA-stack. 
4. Optimisation of the structures. The expansion of bonds is larger along x and y direction compared to z direction.
(2,2) Hopfene(1,1) Hopfene
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1. Preparation of Graphene sheets 
Supplementary Figure 2. Classification of Hopfene crystal structures. In the ideal crystal, we will insert infinite
number of Graphene sheets into another stacks of infinite sheets. In the real experiments and simulations, the number of
inserted sheets is finite, and we can classify the crystal by considering how to insert Graphene sheets. We can assign available
slots in Graphene sheets both horizontally (x) and vertically (y), and assume that we will insert the sheets in the slot 0. If we
insert next sheet to the nearest available slot, which is the slot 1 both forx and y directions and repeat the insertion process, and
then, we can construct (1,1) Hopfene structure. If we insert it into the slot 2, similarly, we can construct (2,2) Hopfene structure.
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1. Preparation of AA-stacked Graphene sheets. Closely packed.  
(2,2) Hopfene(1,1) Hopfene
z 
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b 
1. Preparation of AA-stacked Graphene sheets. 
Alternatively insert spacing.  
Layers are aligned. AA-stack. Layers are automatically converged to be half-pitch shifted. AB-stack. 
2. Insertion of Graphene sheets. 2. Insertion of Graphene sheets. 
3. Optimisation of the structures. 3. Optimisation of the structures. 
Supplementary Figure 3. Procedure of simulations to make Hopfene crystal structures. a, Steps for (1,1) Hopfene. b,
Steps for (2,2) Hopfene. We have used AA-stacked Graphene sheets for simulations of both structures. First, horizontally
AA-stacked Graphene sheets and vertically AA-stacked Graphene sheets were prepared. Fully relaxed Graphene structure was
used for each sheet and the sheet was placed to the same distance with the lattice constant of Graphene. If we see the original
structure from the other side, vertical stacks of Graphene sheets (blue) were identified (not shown). Then, we inserted the
horizontal Graphene sheets (red) into vertical ones (blue, step2), and optimised the structure. It was automatically converged to
the appropriate stacks by minimising the energy.
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1. Preparation of AA-stacked Graphene sheets. 
Alternatively Insert spacing for horizontal layers (left, red).
Closely packed for vertical layers (right, blue).  
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2. Insertion of Graphene sheets. 
3. Optimisation of the structures. 
(1,2) Hopfene
AB-stack along x. 
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. 
The graphene sheet next to the slot 0 was inserted into the slot 1
along x-direction, while the slot 2 was used for y direction. 
Therefore, it is called (1,2) Hopfene. Even slots correspond to AA-
stack and odd slots correspond to AB-stack. 
Supplementary Figure 4. Procedure of simulation to make (1,2) Hopfene crystal structure. We have also used
AA-stacked Graphene sheets for both vertical and horizontal stacks. Similar to (1,1) and (2,2) Hopfene simulations, we have
prepared appropriate number of sheets, while keeping appropriate distance. The slot 1 is used for x-direction, while it is empty
for y-direction (red). By optimising the structure, we found that AB-stacking along x-direction, while it was AA-stacking along
y-direction, as we expected.
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Unit cell of (1,2) Hopfene 
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x 
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(Y-Slot 0)y = 0
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(Y-Slot 2)
Graphene layers between Y-Slot 0 and Y-Slot 2 are aligned. AA-Stack. 
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<latexi t sha1_base6 4="8z5iVElJ4 Ygkdu6VRCWAr6 Rf0PM=">AAAC hXichVG7SgNBF D2urxhfURtBi 2BQBDHcFVERx ICNpa+oYCTsrh Nd3Be7m0Bctr XwByysFEREW/ 0BG3/Awk8QSwU bC282C6Ki3mF mzpy5586ZGdUx dM8nemyQGpua W1oTbcn2js6u 7lRP77pnl11N5 DXbsN1NVfGEo Vsi7+u+ITYdV yimaogNdX+htr 9REa6n29aaX3 XEtqnsWnpJ1xS fqWIqXZ0rlFx FC+QwmAiVYlB wzbQRjsXIC4up DGUpivRPIMcg gziW7NQFCtiB DQ1lmBCw4DM2o MDjtgUZBIe5b QTMuYz0aF8gRJ K1Zc4SnKEwu8 /jLq+2Ytbida 2mF6k1PsXg7rI yjWF6oEt6oXu 6oid6/7VWENW oeanyrNa1wil2 H/Wvvv2rMnn2 sfep+tOzjxJmI q86e3cipnYLr a6vHBy/rM6uD AcjdEbP7P+UHu mOb2BVXrXzZb FygiR/gPz9uX +C9YmsTFl5eTK TG4y/IoEBDGG U33saOSxiCXk+ 9xDXuMGt1CqN S5PSVD1Vaog1 ffgS0vwHCEWV8 w==</latexit ><latexi t sha1_base6 4="8z5iVElJ4 Ygkdu6VRCWAr6 Rf0PM=">AAAC hXichVG7SgNBF D2urxhfURtBi 2BQBDHcFVERx ICNpa+oYCTsrh Nd3Be7m0Bctr XwByysFEREW/ 0BG3/Awk8QSwU bC282C6Ki3mF mzpy5586ZGdUx dM8nemyQGpua W1oTbcn2js6u 7lRP77pnl11N5 DXbsN1NVfGEo Vsi7+u+ITYdV yimaogNdX+htr 9REa6n29aaX3 XEtqnsWnpJ1xS fqWIqXZ0rlFx FC+QwmAiVYlB wzbQRjsXIC4up DGUpivRPIMcg gziW7NQFCtiB DQ1lmBCw4DM2o MDjtgUZBIe5b QTMuYz0aF8gRJ K1Zc4SnKEwu8 /jLq+2Ytbida 2mF6k1PsXg7rI yjWF6oEt6oXu 6oid6/7VWENW oeanyrNa1wil2 H/Wvvv2rMnn2 sfep+tOzjxJmI q86e3cipnYLr a6vHBy/rM6uD AcjdEbP7P+UHu mOb2BVXrXzZb FygiR/gPz9uX +C9YmsTFl5eTK TG4y/IoEBDGG U33saOSxiCXk+ 9xDXuMGt1CqN S5PSVD1Vaog1 ffgS0vwHCEWV8 w==</latexit ><latexi t sha1_base6 4="8z5iVElJ4 Ygkdu6VRCWAr6 Rf0PM=">AAAC hXichVG7SgNBF D2urxhfURtBi 2BQBDHcFVERx ICNpa+oYCTsrh Nd3Be7m0Bctr XwByysFEREW/ 0BG3/Awk8QSwU bC282C6Ki3mF mzpy5586ZGdUx dM8nemyQGpua W1oTbcn2js6u 7lRP77pnl11N5 DXbsN1NVfGEo Vsi7+u+ITYdV yimaogNdX+htr 9REa6n29aaX3 XEtqnsWnpJ1xS fqWIqXZ0rlFx FC+QwmAiVYlB wzbQRjsXIC4up DGUpivRPIMcg gziW7NQFCtiB DQ1lmBCw4DM2o MDjtgUZBIe5b QTMuYz0aF8gRJ K1Zc4SnKEwu8 /jLq+2Ytbida 2mF6k1PsXg7rI yjWF6oEt6oXu 6oid6/7VWENW oeanyrNa1wil2 H/Wvvv2rMnn2 sfep+tOzjxJmI q86e3cipnYLr a6vHBy/rM6uD AcjdEbP7P+UHu mOb2BVXrXzZb FygiR/gPz9uX +C9YmsTFl5eTK TG4y/IoEBDGG U33saOSxiCXk+ 9xDXuMGt1CqN S5PSVD1Vaog1 ffgS0vwHCEWV8 w==</latexit ><latexi t sha1_base6 4="8z5iVElJ4 Ygkdu6VRCWAr6 Rf0PM=">AAAC hXichVG7SgNBF D2urxhfURtBi 2BQBDHcFVERx ICNpa+oYCTsrh Nd3Be7m0Bctr XwByysFEREW/ 0BG3/Awk8QSwU bC282C6Ki3mF mzpy5586ZGdUx dM8nemyQGpua W1oTbcn2js6u 7lRP77pnl11N5 DXbsN1NVfGEo Vsi7+u+ITYdV yimaogNdX+htr 9REa6n29aaX3 XEtqnsWnpJ1xS fqWIqXZ0rlFx FC+QwmAiVYlB wzbQRjsXIC4up DGUpivRPIMcg gziW7NQFCtiB DQ1lmBCw4DM2o MDjtgUZBIe5b QTMuYz0aF8gRJ K1Zc4SnKEwu8 /jLq+2Ytbida 2mF6k1PsXg7rI yjWF6oEt6oXu 6oid6/7VWENW oeanyrNa1wil2 H/Wvvv2rMnn2 sfep+tOzjxJmI q86e3cipnYLr a6vHBy/rM6uD AcjdEbP7P+UHu mOb2BVXrXzZb FygiR/gPz9uX +C9YmsTFl5eTK TG4y/IoEBDGG U33saOSxiCXk+ 9xDXuMGt1CqN S5PSVD1Vaog1 ffgS0vwHCEWV8 w==</latexit >
y =
1
2
al + 2as
<latexit sha1_base64="1cf +qPOfOGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62 vqhtBF9WiCEK5KYoiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhS EBFxqx/gxh9w4SeISwU3LrxNA6Ki3mFmzpy5586ZGdUxdM8nem ySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbsN1NVfGEoVui4Ou +ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfqVJqp DZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3 bqAkXswIaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpn Cc5QmN3ncZdXWzFr8bpe04vUGp9icHdZmcYYPdAlvdA9XdETv f9aK4hq1L3UeFYbWuGUeo8GV9/+VZk8+9j7VP3p2UcZs5FXnb0 7EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzewqq/a+bJYOUGS P0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3ENW 5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf +qPOfOGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62 vqhtBF9WiCEK5KYoiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhS EBFxqx/gxh9w4SeISwU3LrxNA6Ki3mFmzpy5586ZGdUxdM8nem ySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbsN1NVfGEoVui4Ou +ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfqVJqp DZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3 bqAkXswIaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpn Cc5QmN3ncZdXWzFr8bpe04vUGp9icHdZmcYYPdAlvdA9XdETv f9aK4hq1L3UeFYbWuGUeo8GV9/+VZk8+9j7VP3p2UcZs5FXnb0 7EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzewqq/a+bJYOUGS P0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3ENW 5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf +qPOfOGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62 vqhtBF9WiCEK5KYoiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhS EBFxqx/gxh9w4SeISwU3LrxNA6Ki3mFmzpy5586ZGdUxdM8nem ySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbsN1NVfGEoVui4Ou +ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfqVJqp DZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3 bqAkXswIaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpn Cc5QmN3ncZdXWzFr8bpe04vUGp9icHdZmcYYPdAlvdA9XdETv f9aK4hq1L3UeFYbWuGUeo8GV9/+VZk8+9j7VP3p2UcZs5FXnb0 7EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzewqq/a+bJYOUGS P0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3ENW 5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit><latexit sha1_base64="1cf +qPOfOGif+gCwA3ziuw1fg74=">AAAChnichVHLSsNAFD3GV62 vqhtBF9WiCEK5KYoiCAU3Ln1VBSsliVMN5kWSFmrIWvAHXLhS EBFxqx/gxh9w4SeISwU3LrxNA6Ki3mFmzpy5586ZGdUxdM8nem ySmlta29oTHcnOru6e3lRf/7pnV1xNFDTbsN1NVfGEoVui4Ou +ITYdVyimaogNdX+hvr9RFa6n29aaX3PEtqnsWnpZ1xSfqVJqp DZfLLuKFshhkAuVUlB0zbQRTuZi6IWlVIayFEX6J5BjkEEcS3 bqAkXswIaGCkwIWPAZG1DgcduCDILD3DYC5lxGerQvECLJ2gpn Cc5QmN3ncZdXWzFr8bpe04vUGp9icHdZmcYYPdAlvdA9XdETv f9aK4hq1L3UeFYbWuGUeo8GV9/+VZk8+9j7VP3p2UcZs5FXnb0 7EVO/hdbQVw+OX1bnVsaCcTqjZ/Z/So90xzewqq/a+bJYOUGS P0D+/tw/wXouK1NWXp7K5Ifjr0hgCKOY4PeeQR6LWEKBzz3ENW 5wKyWkrDQtzTRSpaZYM4AvIeU/AJxvli8=</latexit>
y = al + 2as
<latexit sha1_base64="H73 Yt5HjUsh6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1p fVUEEXRSLIirlRhRFEApuXKq1VVApSZxqMC+StFBrf8AfcOFK QUT0L9z4Ay78BHFZwY2Ct2lAtKh3mJkzZ+65c2ZGdQzd84meIl JLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3VYVTxi6JbK+7ht i23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx4fKy 0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowo SABZ+xAQUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODV TshavK7X9AK1xqcY3F1WJjBOj3RDNXqgW3qm919rVYIadS9ln tWGVjj5vtPhzNu/KpNnH4dfqj89+yhgMfCqs3cnYOq30Br60vF ZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4A+Sfz90McrMp mVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKakmU aqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73 Yt5HjUsh6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1p fVUEEXRSLIirlRhRFEApuXKq1VVApSZxqMC+StFBrf8AfcOFK QUT0L9z4Ay78BHFZwY2Ct2lAtKh3mJkzZ+65c2ZGdQzd84meIl JLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3VYVTxi6JbK+7ht i23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx4fKy 0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowo SABZ+xAQUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODV TshavK7X9AK1xqcY3F1WJjBOj3RDNXqgW3qm919rVYIadS9ln tWGVjj5vtPhzNu/KpNnH4dfqj89+yhgMfCqs3cnYOq30Br60vF ZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4A+Sfz90McrMp mVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKakmU aqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73 Yt5HjUsh6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1p fVUEEXRSLIirlRhRFEApuXKq1VVApSZxqMC+StFBrf8AfcOFK QUT0L9z4Ay78BHFZwY2Ct2lAtKh3mJkzZ+65c2ZGdQzd84meIl JLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3VYVTxi6JbK+7ht i23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx4fKy 0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowo SABZ+xAQUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODV TshavK7X9AK1xqcY3F1WJjBOj3RDNXqgW3qm919rVYIadS9ln tWGVjj5vtPhzNu/KpNnH4dfqj89+yhgMfCqs3cnYOq30Br60vF ZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4A+Sfz90McrMp mVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKakmU aqFAk1g/gW0vwnGtGSdQ==</latexit><latexit sha1_base64="H73 Yt5HjUsh6qiIaf/GshXaKT+w=">AAACe3ichVHLSsNAFD2Nr1p fVUEEXRSLIirlRhRFEApuXKq1VVApSZxqMC+StFBrf8AfcOFK QUT0L9z4Ay78BHFZwY2Ct2lAtKh3mJkzZ+65c2ZGdQzd84meIl JLa1t7R7Qz1tXd09sX7x/IeXbR1URWsw3b3VYVTxi6JbK+7ht i23GFYqqG2FKPVur7WyXherptbfplR+yZyoGlF3RN8ZnKx4fKy 0q+suuaCaM6PRtCr5qPJylFQSSagRyCJMJYs+PX2MU+bGgowo SABZ+xAQUetx3IIDjM7aHCnMtID/YFqoixtshZgjMUZo94PODV TshavK7X9AK1xqcY3F1WJjBOj3RDNXqgW3qm919rVYIadS9ln tWGVjj5vtPhzNu/KpNnH4dfqj89+yhgMfCqs3cnYOq30Br60vF ZLbO0MV6ZoEt6Yf8X9ET3fAOr9KpdrYuNc8T4A+Sfz90McrMp mVLy+lwyPRp+RRQjGMMkv/cC0ljFGrJ87gkucYu7yIeUlKakmU aqFAk1g/gW0vwnGtGSdQ==</latexit>
a 
(Y-Slot 1, Empty)
Graphene layers between X-Slot 0 and 
X-Slot 2 are shifted (c/2). AB-Stack. 
a = 2al + as
<latexit sha1_base64="hQJ ajaoR1vbEG1bdCJpz6VMAWYs=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF rJKsbrtmkmjNhkir1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP5xSSXQ==</latexit><latexit sha1_base64="hQJ ajaoR1vbEG1bdCJpz6VMAWYs=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF rJKsbrtmkmjNhkir1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP5xSSXQ==</latexit><latexit sha1_base64="hQJ ajaoR1vbEG1bdCJpz6VMAWYs=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF rJKsbrtmkmjNhkir1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP5xSSXQ==</latexit><latexit sha1_base64="hQJ ajaoR1vbEG1bdCJpz6VMAWYs=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF rJKsbrtmkmjNhkir1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP5xSSXQ==</latexit>
b = al + 2as
<latexit sha1_base64="Tdg QG1JMJl6qYwfIqUmwgnhyfIE=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF 5Ridds1k0ZtMhtCr1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP6t+SXg==</latexit><latexit sha1_base64="Tdg QG1JMJl6qYwfIqUmwgnhyfIE=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF 5Ridds1k0ZtMhtCr1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP6t+SXg==</latexit><latexit sha1_base64="Tdg QG1JMJl6qYwfIqUmwgnhyfIE=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF 5Ridds1k0ZtMhtCr1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP6t+SXg==</latexit><latexit sha1_base64="Tdg QG1JMJl6qYwfIqUmwgnhyfIE=">AAACe3ichVHLSsNAFD2Nr1o frQoi6KJYKqJSboqiCILgxqVWq0KVksRRQ/MiSQta+wP+gAtX CiKif+HGH3DRTxCXCm4UvE0DoqLeYWbOnLnnzpkZ1TF0zyeqR6 SW1rb2jmhnrKu7pzee6Ovf8Oyyq4m8Zhu2u6UqnjB0S+R93Tf EluMKxVQNsamWlhr7mxXherptrfuHjtgxlX1L39M1xWeqmBhUF 5Ridds1k0ZtMhtCr1ZMpChDQSR/AjkEKYSxYieusI1d2NBQhg kBCz5jAwo8bgXIIDjM7aDKnMtID/YFaoixtsxZgjMUZks87vOq ELIWrxs1vUCt8SkGd5eVSaTpga7pme7phh7p7dda1aBGw8shz 2pTK5xi/GRo7fVflcmzj4NP1Z+efexhLvCqs3cnYBq30Jr6ytH p89p8Ll0dowt6Yv/nVKc7voFVedEuV0XuDDH+APn7c/8EG9mM TBl5dTq1OBJ+RRTDGMU4v/csFrGMFeT53GNc4Aa3kXcpJU1IU8 1UKRJqBvAlpJkP6t+SXg==</latexit>
c =
p
3as
<latexit sha1_base64="DJy 4BmDDvGxKviJGiuC9pyLrGEg=">AAACeHichVHLSgMxFD0d3/V VdSPoolh8bcodFRRBENy49FUVrJSZMdbBeTmTFurQH/AHXLgQ BVHxM9z4Ay78BHGpIIgLb6cDoqLekOTk5J6bk0T3LDOQRA8Jpa GxqbmltS3Z3tHZ1Z3q6V0P3JJviJzhWq6/qWuBsExH5KQpLbH p+UKzdUts6PsLtf2NsvAD03XWZMUT27ZWdMxd09AkU4VUnzGXD w58GU5WtUKY9+10UC2kMpSlKNI/gRqDDOJYclOXyGMHLgyUYE PAgWRsQUPAbQsqCB5z2wiZ8xmZ0b5AFUnWljhLcIbG7D6PRV5t xazD61rNIFIbfIrF3WdlGsN0T9f0THd0Q4/0/mutMKpR81LhW a9rhVfoPupfff1XZfMssfep+tOzxC5mIq8me/cipnYLo64vHx4 /r86uDIcjdE5P7P+MHuiWb+CUX4yLZbFygiR/gPr9uX+C9Yms Sll1eSozPxh/RSsGMIQxfu9pzGMRS8jxuRWc4grXiTclrYwq4/ VUJRFr+vAllIkPVbiRtg==</latexit><latexit sha1_base64="DJy 4BmDDvGxKviJGiuC9pyLrGEg=">AAACeHichVHLSgMxFD0d3/V VdSPoolh8bcodFRRBENy49FUVrJSZMdbBeTmTFurQH/AHXLgQ BVHxM9z4Ay78BHGpIIgLb6cDoqLekOTk5J6bk0T3LDOQRA8Jpa GxqbmltS3Z3tHZ1Z3q6V0P3JJviJzhWq6/qWuBsExH5KQpLbH p+UKzdUts6PsLtf2NsvAD03XWZMUT27ZWdMxd09AkU4VUnzGXD w58GU5WtUKY9+10UC2kMpSlKNI/gRqDDOJYclOXyGMHLgyUYE PAgWRsQUPAbQsqCB5z2wiZ8xmZ0b5AFUnWljhLcIbG7D6PRV5t xazD61rNIFIbfIrF3WdlGsN0T9f0THd0Q4/0/mutMKpR81LhW a9rhVfoPupfff1XZfMssfep+tOzxC5mIq8me/cipnYLo64vHx4 /r86uDIcjdE5P7P+MHuiWb+CUX4yLZbFygiR/gPr9uX+C9Yms Sll1eSozPxh/RSsGMIQxfu9pzGMRS8jxuRWc4grXiTclrYwq4/ VUJRFr+vAllIkPVbiRtg==</latexit><latexit sha1_base64="DJy 4BmDDvGxKviJGiuC9pyLrGEg=">AAACeHichVHLSgMxFD0d3/V VdSPoolh8bcodFRRBENy49FUVrJSZMdbBeTmTFurQH/AHXLgQ BVHxM9z4Ay78BHGpIIgLb6cDoqLekOTk5J6bk0T3LDOQRA8Jpa GxqbmltS3Z3tHZ1Z3q6V0P3JJviJzhWq6/qWuBsExH5KQpLbH p+UKzdUts6PsLtf2NsvAD03XWZMUT27ZWdMxd09AkU4VUnzGXD w58GU5WtUKY9+10UC2kMpSlKNI/gRqDDOJYclOXyGMHLgyUYE PAgWRsQUPAbQsqCB5z2wiZ8xmZ0b5AFUnWljhLcIbG7D6PRV5t xazD61rNIFIbfIrF3WdlGsN0T9f0THd0Q4/0/mutMKpR81LhW a9rhVfoPupfff1XZfMssfep+tOzxC5mIq8me/cipnYLo64vHx4 /r86uDIcjdE5P7P+MHuiWb+CUX4yLZbFygiR/gPr9uX+C9Yms Sll1eSozPxh/RSsGMIQxfu9pzGMRS8jxuRWc4grXiTclrYwq4/ VUJRFr+vAllIkPVbiRtg==</latexit><latexit sha1_base64="DJy 4BmDDvGxKviJGiuC9pyLrGEg=">AAACeHichVHLSgMxFD0d3/V VdSPoolh8bcodFRRBENy49FUVrJSZMdbBeTmTFurQH/AHXLgQ BVHxM9z4Ay78BHGpIIgLb6cDoqLekOTk5J6bk0T3LDOQRA8Jpa GxqbmltS3Z3tHZ1Z3q6V0P3JJviJzhWq6/qWuBsExH5KQpLbH p+UKzdUts6PsLtf2NsvAD03XWZMUT27ZWdMxd09AkU4VUnzGXD w58GU5WtUKY9+10UC2kMpSlKNI/gRqDDOJYclOXyGMHLgyUYE PAgWRsQUPAbQsqCB5z2wiZ8xmZ0b5AFUnWljhLcIbG7D6PRV5t xazD61rNIFIbfIrF3WdlGsN0T9f0THd0Q4/0/mutMKpR81LhW a9rhVfoPupfff1XZfMssfep+tOzxC5mIq8me/cipnYLo64vHx4 /r86uDIcjdE5P7P+MHuiWb+CUX4yLZbFygiR/gPr9uX+C9Yms Sll1eSozPxh/RSsGMIQxfu9pzGMRS8jxuRWc4grXiTclrYwq4/ VUJRFr+vAllIkPVbiRtg==</latexit>
Supplementary Figure 5. Unit cell for (1,2) Hopfene. All available slots are occupied by Hopf-links along x-direction,
while the middle slot (slot 1) is empty along y direction. Therefore, the crystal structure is orthorhombic (a 6= b 6= c). We
obtained al = 1.8 and al = 1.5 . The lattice constants were a= 2al +as = 5.1 , b= al +2as = 4.8 , and c=
√
3as = 2.6 .
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1. Preparation of 2 Graphene sheets. 
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2. Insertion of a Graphene sheet into another one. 
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All bond length is 1.35Å in Chem3D. 
3. Structure optimisation. Annealing in real experiments. 
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1-dimensional Hopf-linked chain 
formed at the intersection. 
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All bonds away from Hopf links were 
fully relaxed. 
1. Preparation of Highly-Ordered Pyrolytic Graphite (HOPG, AB-stack, blue, 
AA-stack can also be used.) with the cut of the zig-zag edge on the surface. 
Transformation of a Graphene sheet (red) on top of HOPG. 
2. Epitaxial growth to make Hopf-links on the surface. 
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3. Repeat this layer-by-layer process to grow Hopfene. 
1 layer process completed. 
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Supplementary Figure 6. Proposed procedure to make Hopf-linked bilayer-Graphene. a, Simulated structure upon
the vertical insertion of a Graphene sheet to the other one. 1D Hopf-linked Carbon-Nano-Chain was formed at the intersection.
Bonds across the Hopf-links were highly strained, while the other bonds are relaxed. b, Possible experimental procedure to
make Hopf-links. The Graphene sheet will be exfoliated on top of the Highly-Oriented-Pyrolytic-Graphite (HOPG) with the
zig-zag edge on the front surface. The pitch of the zig-zag edge is the same with the pitch of the empty slots, if the Graphene
sheets are aligned perpendicular to the HOPG layers. After the transfer, the epitaxial growth technique will be employed to
grow Graphene bonds to close the Hopf-links. The transferred Graphene sheets are highly strained after the formation of
Hopf-links. By repeating this layer-by-layer transfer and growth techniques, the Hopfene crystal will be grown.
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a 
Nano-pore for analysing DNA. 
b 
Flexible functional materials with strong stiffness and small weight. 
c 
Atomistic Micro-Electro-Mechanical-Systems (MEMS). Contributions towards fundamental physics. 
d 
Heterogeneous connection of topological molecules. 
3D Dirac fermions. 
Topological designs of new materials. 
Topological long-range order without translational symmetry. 
New carbon allotropes. 
Metal-insulator transition. 
Geometric (Pancharatnam-Berry) phase. 
Topological phase transition. 
Tomonaga-Luttinger liquid. 
Quantum phase transition. 
New reaction pathway to synthesise diamond. 
Supplementary Figure 7. Possible applications of topological materials. a, Nano-pore for DNA detection. The size of
the pore will be controlled in the atomic scale, while the crystal will be mechanically strong. b, Flexible, strong, and
light-weighted functional materials. We can also think about the heterogeneous links to other materials. c, Molecular motors
for NEMS. d, Contributions towards material science and physics.
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